The value of an elec tric current has been determined in absolute mea~ur e by m eans of an electrodynamometer, and simultaneously by standard cells and standard r esistors as currently maintained . The electrodynamometer used was of the Pellat type, a nd featured a fu sed silica balance beam and single layer helical coils.
Introduction
The important units in electrical measurements are the ampere, the ohm, and the volt. Since these units are connected by Ohm's law, anyone of the three is fi,'(ed when the values of the other two are settled upon. These unit are all defined in terms of the mechanical units, but the accuracy of their phyeical realization depends upon experimental approximations to unattainable ideal conditions. In the electromagnetic system, the ampere is defined as 10-1 cgs units, the ohm 10 9 cgs units and the volt 10 8 cgs units. The two units so far found susceptible of accurate independent evaluation in terms of the mechanical units are the ohm and ampere. On account of the transitory nature of electric current the ohm and the volt arc the two units maintained in the form of concrete standards. It is n ecessary therefore to assign a value to the standard of electromotive force obtained from a combination of the results of primary standardization of the ohm and ampere. On account of the implicit relation of the electrical units to other physical constants, it is desirable that these units be close to their defined values. In order to detect drifts in the standards, repetition of absolute measurements from time to time has been the accepted practice. Experiments now b eing conducted at this Bureau on the precession frequency of protons in the magnetic field of a coil carrying a current, show promise of providing a precise method for determining the constancy of the current over long periods of time. An account of the last work on the ampere at this Bmeau was published in 1942 [IV In that investigation a current balance 2 was employed; in an effort to avoid possible systematic errors in the CillTent balance, a Pellat-type electrodynamometer [4] (sometimes referred to as a Pellat balance) has been used in this work. In the current balance the force measured is one of translation and in the electrodynamometer it is one of rotation. This paper describes the important physical measurements that were made and assesses the accuracy of the determination of a current by the latter absolute method. I Figures in brackets indicate the li terature references at the end of this paper .
• A com panion paper to fo llow in tllis Jonrnal will present values from recent measurements.
. Value of a Current in Terms of Mechanical Effects
The torque between two coils in which the CLUTents il and i2 are held constant has been worked out in a general way by Maxwell [2] . In the particular case of the Pellat electrodynamometer, the two coils are adju ted to be concentric and to have an angle, 0, of 90° between their axes. Vhth this adjustment the torque, :J'; is a maximum and is given by (1) where M is the mutual inductance of the coils. In absolute measurements the geom etrical factor, oM/00, is computed from measured values of the linear dimension of the coils. The mathematical contribution of Snow [3] make possible a econd order calculation of this factor for the electrodynamometer that includes several small corrections made necessary by the fact that th e coils are helical wires having small measurable irregularities and are not lUliform current sheets.
Another factor affecting the absolute measurement of current is the accuracy realized in the evaluation of the torque produced. When single layer h elical windings are employed, the torque produced is relatively small and more effort is req uired for its accurate evaluation than that demanded in the case where multilayer windings are used. The advantage gained in the accuracy of the geometrical factor, oM/00 when single layer h elical windings are employed more than offsets the disadvantage of the smaller torque.
. Electrodynamometer
This instrument has a long stationary solenoid ( fig . 1 ) with its axis horizontal ; th e centered inner coil, mounted on the beam of a balance ( fig . 2) , is a short solenoid with its axis vertical. The balance beam ( fig. 7 ) is equipped with conventional knife edges and supports the inner coil which thus b ecomes rotatable about the central knife edg e.
With a steady current in both coils in series, the balance is put into equilibrium by means of a suitable counterweight ; on r eversing the curren t in the stationary coil, the equilibrium of the balan ce is restored by placing a weight on the arm of the balance. From the known value of the balancing weight, the length of th e balance arm, and the geometry of the windings, the v alue of the current can be calculated by eq 1. The version of t he P ellat electrodyn amometer used in this work employs single-layer h elical windings of bare wire the dimensions of which can be checked at any time. In his instrument P ellat employed multilayer windings. These windings produced a large torque with p ermissible currents but the large uncertainty in their linear dimensions would be intolerable according to presen t requirements. The other important modification in the present instrument is the use of a fused silica balance beam instead of th e brass beam of P ellat. The construction of t his type of current measuring device was proposed by Harvey L. Curtis as long ago as 1927. Materials for th e beam and stationary coil were purchased around 1930. Through the efforts of Roger W. Curtis much of the support for this balance was completed by 1940. At the end of World War II a proj ect was set up for the continuation of the primary standar dization of current and it has b een pursued without much interruption since 1950. Much encouragement and help on the finishing of t he balance beam and the coils was obtained from Charles Moon b efore his death in 1953.
An over-all view of the electrodynamometer with th e stationary coil in place is shown in figure 1 ; in figure 2 the stationary coil has b een moved to the side to expose the interior of the instrument. The supports of the balance are mostly of aluminum alloy. A small amount of brass and phosphor bronze was used in the arrestment mechanism. Each piece was tested before finishing to assure that it had low magnetic susceptibility. The agate planes and knife edges of the balance were finish ed by the Op tical Shop of this Bureau, the material for these being donated from the collection of Earl F . ·Webb . Electrical connections to the rotatable coil are effected by m ean s of two sets of fl exible wires. Each set consists of ten I.·mil bare copper wires, in parallel, having a length of about 3 inches. Slack in the wires was adjusted to make their r estraint on the balance tolerable. 
Construction of the Coils
Both the stationary and rotatable coils were constructed by the method of Moon that has been described in some detail by Curtis, Moon, and Sparks [5] . Following Moon's method th e wire was wound in a helical groove that was produced in the coil form by the process of lapping. The stationary coil form is of fused silica and the ro ta table coil form is of P yrex glass. Oxygen-free copper wire is used in the windings of both coils. Sapphire dies were used to reduce the wire to the desired diameter. After each of the preliminary drawing operations, the wire was spooled on smooth drums in a single layer to avoid kinking. After final drawing, th e wire on leaving the die was wound directly in the groove on th e coil form.
. Measurement of the Dimensions of the Coils
As far as the stationary coil is concerned, th e pitch is the parameter of primary importance, the diameter is of less importance as it appears only in a correction term to take account of the finit e length of this coil. On the other hand, the diameter of the rotatable coil is extremely important but the value of its 'pitch is n eeded with r elatively little accuracy.
.1. Pitch Measurement
The pi tch of the rotatable coil was t aken as th e nominal value of the pitch of the lapped groove which was 2/3 mm.
The pitch of the stationary coil was measured by th e micrometer method describ ed by Curtis, Moon, and Sparks [5] . Longitudinal readings for th e measuremen t of pitch were taken at several places along the coil in each of six angular positions around th e winding. Measurements were made with the coil supported at its ends. It was demonstrated that the bending of the tube when supported in the manner did not affect the m easured pitch by as much as 1 ppm. The results are summarized in table 1. 
Diameter of Coils
The importance of the diameter of the rotatable
coil has alr eady been mentioned. Al though the diameter of the stationary coil was no t needed with the highest acemacy, considerable pains wer e taken on account of its potential 'use as a standard of self inductance, and the values obtained will be r ecorded here. The method used in measuring both coils was imilar to that describ ed by Cmtis, Moon , and Sparks [6] . The experimental arrangemen t of apparatus used in th e measurement of the ro tatable coil is shown in figme 3 and Lhat used in the case of the ta tionary coil is given in figure 4 . The res ul ts are giv en in tables 2 and 3 and ill figm es 5 and 6. The correction given in table 2 to the diameter of the 457988-58--2 rotatable coil to take account of the current distribution is based upon the theory of Chester Snow and the experiments of Thomas Wells [7] on the resistivity-strain coefficient of the wire used in this coil as discussed in section 7. Diameter, over-all 
... 
Length of the Balance Arm
The distance between the outer knife edges of the beam, figure 7 , was evaluated by comparison with a calibrated interval on a line standard. The balance beam was mounted on a compara tor intended originally for the purpose of comparing line standards. In this instrument the unknown and standard are placed side by side on separately adjustable mountings. These mountings were attached to a carriage that could be moved to bring either the standard or unknown into the field of two rigidly supported microscopes. It was found possible to set the cross hairs of the microscopes over the apexes of the knife edges on the beam in the same manner as on a graduation of a line standard. The difference between the spacing of the outer knife edges and a known interval on the line standard was obtained from the readings of the filar micrometer eyepieces of the microscopes. Through the cooperation of L. V. Judson and B . L. Page of the M etrology Section, facilities were provided for making this measurement .
The ratio of the arm lengths was determined by weighing known masses. As indicated in table 4 no significant difference was found in this ratio over a period of 3 years whether 20-gram or 3-gram masses were used. The masses were transposed as far as possible but since the arm lengths differed by 1.5 percent a number of small masses had to be left on one pan. Dividing the unloaded length (l1 + l2) by (1 + l2/l1) , where l2/l1 is the ratio of the arms when symmetrically loaded, gives a first approximation to the length, l1 ' of the arm chosen to receive the balancing mass. As pointed out by R. D. Cutkosky a further correction must be applied to allow for the increase in the length of the arm when the pan and balancing mass are applied. To measure this distortion, the beam was mounted on a surface plate, the four bosses under the central part of the beam ( fig. 7 ) being secured to the plate with beeswax.
Balance beam and rotatable coil form. arises when the standard mass is added to the scale pan and the current in the stationary coil is reversed, that is, there is then an additional increase in thv length of the balance arm. Both distortions affect the position of all the load on the end knife edge including, though to a lesser extent, the distributed mass of the balance arm.
In order to discuss these effects, let the following notation be used: P = Mass of scale pan, m= standard balancing mass, g= acceleration of gravity, II = unloaded length of balance arm, 8lp = change in li on adding load P , 85';= change in torque to allow for distortion of the distributed mass of beam on adding load P, 3;""--torque on rotatable coil with mass m removed and stationary coil current in forward direction, ~ = torque on rotatable coil with mass m on scale pan and stationa, ry coil current reversed .
If the standard mass m is adjusted so that the balance is in equilibrium for both directions of the stationary coil current, the change in torque on the rotatable coil is given by ~--.9;'";
(It was on these bosses that the beam rested during where the measurement of the distance between the end
r;ne edges.) . By means of .a microscope equipp ed WIth a filar mlCrometer eyeplece the endwise move-and ment of the knife edge at E figure 7 was measured
~= (P + m)g(ll+ olp+m) + o5';+m.
when a load equal to the cale pan was applied to that end of the beam. A further complication Subtracting the above expr essions or or-I [1 + P 8I m +Ol p + m J+ or ,/2-51 -mg 1 m z: -y-;--8v m· (2) 'fhe quantity 83';,. is the change in torque resulting from the additional distortion of the distributed mass of th e arm on adding the balancing mass m. Its value was estimated from the observed distortion, 81m, measured at the end knife edge, the dimensions of the various parts, and the density of the material (assumed to be 2.2 for fused silica). R eferring to figure 7 it is assumed that the portion of the beam between C and B would contribute nothing to 8:7;,. on account of the r elative stiffness of that part. The part of the arm between Band the cross rod at E is assumed to bend as a cantilever beam fixed at B with concentrated load m at E .
The total mass M T of the cross rod and knife edge at E is considered to b e concentrated at E. Under th ese assumptions 8:7;,. is given by where M t is the mass of the arm between B and the cross rod at E. With this value of b:7;,. eq. (2) becomes Numerical values obtained for the quantities 111 the brackets of eq (2' ) When these numerical values are applied in eq (2' ) the corrected torque is 3;-~ mgl1 [1 + 37.1 X lO-6 ] . ' In effect the unloaded length II of the balance arm is increased by 37.1 ppm as a result of the distortion under load. The correction for this is applied in table 4.
Geome trical Factor of the Electrodynamometer
The maximum torque, T , produced by unit currents in concentric h elical wires is given by Snow [3] as follows:
The subscripts 1 and 2 refer to the stationary coil and the rotatable coil respectively, and 
P ' 2n(fJ,) n(2n+ 1)fJ,' (2n-1) 2n
Pn(fJ,) is Legendre's polynomial of degree n, and
pI n(fJ,) is (d/dfJ,) P n(fJ, ).

Also
The radius of the rotatable coil, a2, in eq (3) is the effective radius rather than the mean radius, 112, of the winding, determined by mechanical measmement. The difference between the effective and mean radii depends on the variation of current density over the cross section of the wire. The "natural" distribution of current density (inversely proportional to distance from the axis of the coil) would certainly apply if the resistivity were constant everywhere in the wire. Some measurements by Wells [7] indicate that for a wire in simple tension, the resistivity-strain coefficient can be represented empirically by 
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) determined from the initial ten ion and bending, the resistivity-strain relation can be incorporated in an expression for the current density as a function of the distance from the axis of the coil. A section in the wire cut by a plane through the axis of the coil is shown in figure 8 . The coordinates of a point, P(x, V'), are shown as functions of l' and 0 in the wire. The current density, iCy'), is assumed to be inversely proportional to (a2 + Y') and the resistivity, (f(Y'), and is independent of x. The initial strain, K 2, is known from the winding tension and is taken to be independent of x and y' . The strain due to bending around the form is assumed to be equal to y' /a2 and independent of x. On the basis of these assumptions, the current in a filament of area l' dO d1' is given by
7ra2 y (fY (5) On setting the train t.l/lo = ( K2+~) in eq 4, the resistivity at any y' can be written where (6) On combining eqs (5) and (6) and neglecting Lerms of higher order than the third in (y' j ( 2) , the current density is given by:
C2=-(B2-B1-B/ -l ), and
02(y' j(2)2-C3(y' j( 2) 3],(7)
03= (B3-B 2+ B1 + B I 2+ B I 3_ 2B1B2+ 1).
The constant 0/27ra2(fo(1 + j3K2 + 'YI-G) must be i(o)
and its value, by the integral!o P 2!oz .
ection through one turn of rotatable coil cut by an axial plane.
make unit current in the wire is
If this value be placed in eq 7 one gets
The current function, eq ( ), is of th e same form as that considered by now [3] who found that in effect this current distribution in the wire changes its radius from a2 to (a2 + t. (2) where t.(L2=- § (pUa2) (1- 2C1), terms in (p2/a2)4 and higher being neglected . Accordingly one can write to a good approximation, since the constants j3, 'Y, and K 2 are not known with an accuracy better than a few percent.
Likewise it is found that
Numerical values of Aa2 and Aal are given in tables 2 and 3.
A summary of the. computations on the constant T is given in table 5. The following expression, obtained by differentiating the main term of eq (3), was used to take account of sman changes in the linear dimensions of the coils: On reversing the current in the stationary coil the change in torque on the rotatable coil is doubled. After applying a correction to the torque of -3 ppm on account of the magnetic susceptibility of the coil forms and changing to the practical unit of current, the calculated balancing mass per ampere squared is 2F(I -3.0 X 10-6 )/ 100g= 1.429059 grams/ amp2. The correction applied above to the electrodynamometer constant on account of the magnetic susceptibility of the coil forms was estimated in the following manner. From the known susceptibility, k , of each coil form, the area A of its cross section, and the mean axial component of field h existing in the form, the quantity, q, of free magnetism existing on its ends was calculated by the expression q= kAH. The magnetic charge distributed over each end of the stationary coil with one ampere flowing was thus estimated to be 1.5 X 10-3 pole. The contribution of the field of these charges to the field at the center of the stationary coil is found to be positive and of the order of one part in 10 7 even if the charges are regarded as point charges on the axis of the coil.
T he magnetic charges on the ends of the rotatable coil ind uced by its own magnetic field are estimated to be 0.56 pole when one ampere is flowing. These charges contribute to the magnetic moment of the coil in the amount of -5 X 10-3 dyne cm/gauss. The magnetic moment of the rotatable coil in the absence of the form is 1,400 dyne cm/gauss. The correction to the torque on account of the rotatable coil form is thus estimated to be -3.0 ppm. An attempt was made to ascertain experimentally the effect of the aluminum alloy used in the balance support by placing more of this material in the opposite end of the stationary coil. No significant change in the measured torque was observed when approximately twice the original amount of aluminum alloy was added. It must be admitted that it would be difficult by this kind of test to guarantee that the effect was not as large as 1 ppm.
. Measurement of the Torque
The electrical connections of the balance are shown in figure 9 . During the measurement of the torque, the current was held constant at about 1.02 amp as determined by the standard cell and standard resistor. These standards were maintained at a constant temperature and compared from time to time with this Bureau's primary standards. When the current in the stationary coil was reversed. the change in torque was compensated by placing a mass on the balance arm. The mass (a platinumiridium rod) was adjusted by trial and later evaluated by comparison with known standards. Small corrections to the balancing mass were made from readings on the calibrated scale of the balance. The sensitivity of the balance was 1.8 cm /mg and the corresponding half period was about 10 sec. The contribution of the current in the leads to the torque was determined separately and subtracted from the total torque. A series of runs, table 6, shows the fluctuations in the experimental result after all known corrections have been applied. The result of each run is derived from ten resting points of the balance each of which is calculated from nine observed turning points. Resting points were obtained at intervals of about 4 min with the current in the stationary coil alternately in the forward and reversed direction.
. Results
On combining the results of the absolute current measurement with the value of the same current as derived from the NBS electrical standards, the final result of table 7 is obtained. Known sources of error affecting the final result in table 7 are enumerated in table 8 . The values given are intended to represent a 50-percent confidence interval in the measured current caused by t he estimated uncertainty in the mean values of the quanti ties listed. The limi ting factor in the accuracy of this electrodynamometer at present is the uncertainty in the radius of the rotatable coil. After increasing the radiu by a factor of 1.5 and making use of a fused silica coil form it is estimated that t he uncertainty in the radius of the rotatable coil could ultimately be cut in half. T he relatively large uncertainty in the length of the bal ance arm is not inherent in this method but reflects the need of a more rigid balance beam.
